Three different binuclear phthalocyanines were prepared and characterized. Two of the binuclear phthalocyanines are cofacially linked by rigid naphthalene and anthracene spacers, while the third consists of a direct linkage between two phthalocyanine rings. The dicobalt, dicopper, and dizinc derivatives were prepared by inserting the metal into the metal-free species. The synthesis and the physical and spectroscopic properties of the precursor bisphthalonitriles are also included.
The use of porphyrins and phthalocyanines in electrocatalysis has been the subject of intensive research ( I ).
Four-electron reductions of oxygen to water using cofacial dicobalt porphyrins have been reported by different groups of researchers (2, 3). The cofacial structures have been achieved either by using a cyclophane type of framework (2) or by covalently linking two poqphyrins on rigid spacers, via the 1,8-positions of antkacene and biphenylene (3). Some of these binuclear porphyrins are sensitive to light, oxygen, or both (2).
To overcome this problem, we have synthesized metal-free binuclear phthalocyanines covalently linked by one (4), two (5), four (5), five (6), and "-1" (7) atom bridges and some of their metallated derivatives. In general these phthalocyanines are very stable towards light and oxygen. The dicobalt derivatives of these binuclear phthalocyanines catalyze the two-electron reduction ofoxygen to hydrogen peroxide but the four-electron process has not been observ.ed (8) . The lack of a perrnanent cofacial interaction between the two phthalocyanine rings may be one of the reasons for not achieving the goal of a fourelectron reduction. We wished to prepare phthalocyanine derivatives analogous to the cofacial porphyrins that catalyze the four-electron reduction of oxygen to water. Methods were developed to link phthalonitrile units to rigid spacer molecules to form the bridging bisnitriles, which can be converted to binuclear phthalocyanines.
We report herein the synthesis of three examples of binuclear phthalocyanines and their dicobalt, dicopper, and dizinc deriva- tives. In the direct linked binuclear phthalocyanines, the two phthalocyanine rings are joined as two phenyl goups in biphenyl derivatives, while in the cofacial systems the two phthalocyanine rings are linked via the 1,8-positions of naphthalene (9) and anthracene. With these new binuclear phthalocyanines, tAuthor to whom correspondence may be addressed.
we have now synthesized a series ofbinuclear phthalocyanines in which the covalent bridging linkages range from five to "-l" atoms.
Synthesis of directly linked binuclear phthalocyanines By a previously described method (10) , elemental nickel was generated by reduction of nickel iodide with lithium in dry glyme in the presence of naphthalene. Tbe activated nickel powder catalyzed the self-coupling of 4-iodophthalonitrile (l) to give 3,3',4,4'-tetracyanobiphenyl (2) in 787o yie\d. Compound 2 was converted into its 1,3-diiminoisoindoline (3) (5, 6) .
Condensation .of 3 with s-neopentoxy-1,3-diiminoisoindoline (4) (5, 6) was carried out in 2-N,N-dimethylaminoethanol for 36h. The resulting dark blue solution was purified by flash chromatography (l l) to give the mononuclew 2,9,16,23-tetraneopentoxyphthalocyanine (5) and the binuclear 2,2-bi- (9,16,23- trineopentoxyphthalocyanine) (6a) in 55 and 337oyieId respectively. We can refer to 6a as the zero atom bridged binuclear phthalocyanine. The binuclear phthalocyanine 6a was converted to its dicobalt 6b and dicopper 6c derivatives by refluxing 6a in toluene/2-methoxyethanol with CoCl2 and Cu(OAc)z respectively (5, 6). Compounds 2 and 6a-c were fully characterized by spectroscopic data and elemental analysis (see Experimental) . Some spectroscopic data of 6a but not its synthesis or characterization have been previously mentioned (12) .
Synthesis of binuclear phthalocyanines covalently bridged by naphthalene Treatment of I and 1, 8-diiodonaphthalene (7) with elemental nickel (10) at room temperature for 3.5 h gave 1,8-bis(3,4-dicyanophenyl) naphthalene (8) , I -iodo -8 -(3 , 4 -dicyanophenyl) -naphthalene (9) , and 3,3',4,4'-telracyanobiphenyl (2) in 15.5, 2.5, and 42.57o yield respectively. Compound 8 was converted to its I,3-diiminoisoindoline (10) (14) . More importantly, no evidence of partially or half-metallated species of llb-d were observed. The ultraviolet-visible (uv) spectrum of lla gave a single broad (symmetric shape) absoqption at the Q band region that had not been observed before in other metal-free binuclear phthalocyanines (7, l2) . A more detailed rH nmr analysis of 8 than previously reported (9) indicates that the compound exists as a mixture of two rotamers at room temperature in a I : I ratio. and c was observed.
Attempts to apply a similar organozinc procedure to 1,S-diiodonaphthalene did not give the desired product 8 (17) (18) (19) .
The products isolated were found to be l-(3,4-dicyanophenyl)-naphthalene (18) whereas the homo-coupling product is expected to be the major product in the elemental nickel catalyzedaryl halides coupling.
The low yield of I,8-bis(3,4-dicyanophenyl) naphthalene (8) (20) .
Treatment of 1,S-dichloroanthracene (f2) with lithium and zinc bromide in dry THF at 0'C with ultrasonic activation for 2h generated the l,8-organozinc intermediate (13) (21) . A cross-coupling reaction between 1 and l3 catalyzed by tetrakis-(triphenylphosphine)palladium (17, l8) gave I,8-bis(3,4-dicyanophenyl) anthracene (14) in 9.9Vo yield. Compound 14 was converted to its 1,3-diiminoisoindoline (15) (16, 24) and exhibit characteristic CN absorptibn in the infrared region at 224Acm-t. 
.v> (14) . All phthalocyanines gave satisfactory C, H, N analyses, while metal analyses were also good except for 6b, which was slightly low.
The double Q band seen in the mononuclear metal-free phthalocyanines as a consequence of D26 symmetry is further split due to coupling in the binuclear phthalocyanines (12) . Coup- ling in general can be expected to occur either through space in the close cofacial conformation, or via conjugation through the unsaturated bridge, or both. For binuclear phthalocyanines with low symmetry, transitions to higher and lower energy combinations are allowed, resulting in both blue and red shifts with respect to the mononuclear species (12) . ln fact, the zero linked binuclear phthalocyanine 6a and the previously reported (7), show such splitting patterns.
However, the electronic spsctra of metal-free binuclear phthalocyanines 11a and 16a, which closely resembled one another, exhibited a single broad Q band absorption at 648 nm but with some evidence of splitting in the spectrum of 16a (Fig. 3) .
Indeed, the spectra of lla and l6c looked similar to the deprotonated spectrum of the fi Ve-atom bridged binuclear phthalocyanine (12) , which is able to assume a close cofacial Da1,  configuration. The sirnilarity suggests that the two phthalocyanine rings in l1a and l6a are very close together and the four intemal hydrogens are equivalent, which raises the symmetry of the molecules effectively to Da6. For phthalocyanine with Da;, slmmetr!, the r-n* transition is not split. There are large blue shifts in the Q band absorption in the metal-free cofacial Da6 binuclear phthalocyanines lla and l6a (Table 3) relative to mononuclear metal-free phthalocyanines, indicative of the extensive electronic coupling between *re cofacial rings (28, 29) .
In general, all the metallated cofacial binuclear phthalocyanines showed two Q-band absorptions, the relative intensity varying with concentration. The absorption centered around 680nm corresponds to the expected transition for uncoupled metallated phthalocyaninds, whereas the 640-nm transition resulted from aggregated species (30) . For cofacial systems, aggregation may be both intermolecular and intramolecular.
Intermolecular aggregation is expected to be concentration dependent, while intramolecular aggregation should be concentration independent. When the concentration is sufficiently reduced, the spectrum becomes concentration independent and the remaining absorption near 640 nm arises from inramolecular coupling (aggregation) due to the cofacial arrangement (Fig. 3) By a previously described method ( I 0), nickel iodide (dried for 4 h at 60-70"C/0.5Ton; lTon = 133.3Pa) (4.53g, l4.5mmol), lithium (0.248g,35.7mmol) , and naphthalene (0. 186g, l.45mmol) in 30 mL of fresh distilled dry glyme were stirred at room temperature for l2h. To the nickel powder, precipitated as a bulky black slurry, was added 1.0g (3.9mmol) of 4-iodophthalonitrile (f) dissolved in 5 mL of dry glyme. The reaction mixture became warm (30-35'C) and after 2h the reaction was completed (tlc benzene/acetonitrile (9: I )). The reaction mixture was poured into 100 mL of ice-water; the solid was filtered and washed twice with ice-water. The resulting product was washed very slowly with benzene to remove most of the naphthalene. It was then extracted with ethyl acetate, dichloromethane, and acetonitrile (three times 30-40 mL portions for each solvent). The ethyl acetate, dichloromethane, and acetonitrile solutions were combined and dried over MgSOa. The solvent was evaporated to give 0.5g of crude product. The crude product was chromatographed by flash chromatography (l 1) using benzene, benzene/dichloromethane (l:1), and acetonitrile/dichloromethane (5:100) as eluants to give, in 78Voyield,0.39gof 2 as white crystals, mp29l-293"C; ir (cm-r): 2240 (CN), 1600 , 1480 , 1380 , 1210 uv (CH2Clr) \-. 2, 2 -B i-(9, I 6, 2 3 -t rin e opentory pht hal oclt aniny l) ( 6 a) By a previously described method (5, 6), the two crude diiminoisoindolines 3 and 4 were obtained from 0.273 g (l.l0mmol) of 2 and 6.0 g (ZA mmol) of 4-neopentoxyphthalonitrile respectively. Compounds 3 and 4 were heated at 15ffC (oil bath) in 20 mL of z-N,Ndimethylaminoethanol and 10 mL of dimethylformamide (DMF) for 36 h under an argon atmosphere. After cooling to room temperature, the dark blue mixture was diluted with water. and the residue filtered and washed thoroughly with water until the filtrate was colorless.
Preliminary purification of the product was achieved by flash chromatography using a 5 cm diameter column in which the crude product was preadsorbed on silica and eluted with hexane (200 mL), hexanef toluene (l:1) (1.5L), and then hexaneftoluene (l:2) until all the monomeric 2,9, 16,23-tetraneopentoxyphthalocyanine (5) was contaminated with some green material. The latter portion was purified by evaporating the solution to dryness; the resultant solid was suspended in dry acetone, filtered, and washed with acetone until the filtrate was colorless. Finally, the product was purified by flash chromatography using silica gel and toluene/2-methoxyethanol (200:5) as eluant to give 565 mg (337c yield) of the product as a very dark blue shining solid; ir (cm-'): 3300 (NH), 1615, 1240, 1100, 1015 A mixtureof 6c (57.5 m9,0.037 mmol), anhydrous cobalt(Il) chloride (50 mg, 0.38 mmol), 2-methoxyethanol (3 mL), and toluene (7 mL) was heated at I lo"C (oil bath) for 27 h under an .ugon atmosPhere, The product was purified by flash chromatography using a 1.5 x 8 cm column by direct application of the refluxing mixture to the column.
Elution with hot toluene gave, after solvent evaPoration, 24 mg of 6b.
Continued elution with hot toluene/THF (l:l) yielded an additional 12 mg of 6b. The combined 36 mg of dimer 6D was washed with acetone to remove very minor fluorescent impurities (detected by tlc), leaving 32.4mg(52Vo yield) of pure 6D as a very dark blue solid; ir (cm-r): 1615, 1240, 1100, 750; uv: see Table 3 ; ms m/z:165'l .7, (M+). Anal. calcd. forCeaHe6Ns6O6Coz: C 68.11,H5.47, N 13.52, Co 7.11; found: C 68.35, H 5.86, N 13.50, Co 6.40.
2 ,2-Bi- (9, I 6,23 -trineopentoxyphthalocyaninyl) dicopper (II ) (8) and l -iodo-8-( 3, 4 -dicyanop heny I )naphthalene (9 ) To 30mL of freshly distilled dimethoxyethane (DME), 23.09
(73mmol) of anhydrous nickel iodide, l.0g (l44mmol) of lithium, and 0.8 g (6.25 mmol) of naphthalene were added. The mixture was stirred at room temprature for l2h. To the resulting black slurry, 4-iodophthalonitrile (l) (4.0 g, t 5 mmol) and 1,8-diiodonaphthalene (7) (25) (2.0 g, 5.26 mmol) were added. The mixture was allowed to react for 3.5 h. The resulting mixture was filtered through Celite using a sintered glass funnel and the residue was washed with ethyl acetate.
The combined filtrate was washed with saturated sodium thiosulfate and water. The organic fraction was collected and dried over anhydrous magnesium sulphate. Evaporation ofthe solvent gave a yellowish brown solid. The crude material was purified by ffash chromatography using benzene as the eluting solvent to remove naPhthalene and unreacted 4-iodophthalonitrile (1.309), Elution with EtOAc/CHCl3
(l:9) gave 50mg of l-iodo-8-(3,4-dicyanophenyl)naphthalene (9) The bis-1,3-diiminoisoindoline (10) was prepared as previously described (5, 6). Bisphthalonitrile 8 (380mg, l.00mmol) was added to 20mL of a l:l mixture of methanol/dioxane containing 15 mg of sodium. Ammonia was bubbled into the solution at 80'C. The reaction was over in 3 h. The solution was evaporated to give crude 10, which was used directly in the condensation r€action without further purification. with THF as the eluting solvent. The front running binuciear fractions were combined and rechromatographed on a silica gel column using 2-methoxyethanoytoluene (2:100) as the eluting solvent to give 2 I 0 mg of l, 8-bis-2'-(9', I 6',23'-trineopentoxyphthalocyaninyl)anthracene (l6a) in l27o yield as a dark blue solid; ir (cm-'): 3300 (NH), 1610, 1240, I100, 1020 (NH), 750; uv: see Table 3 ; 'H nmr (CeDo) D:7.0-8.5 (br, aromatic),3.5-3.7 (br, CH2O),1.0-1.6 (br, (C/lr)rC), -6 to -7 (NH); ms n/z: L7l9 (M*, lA0Vo 
